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Supplementary Information
1. Samples 
Agglutinates were picked from three soil samples.  Apollo 11 soil 10084 is a mature soil, 
whereas Apollo 16 soil 64501 is a sub-mature one.  Sample 70051 was collected from the 
surface of the lunar rover at the conclusion of the Apollo 17 mission, and is considered to be 
immature1.
2. Analytical methods
All reported FTIR data were collected using a microscope of a Perkin-Elmer Spectrum FTIR 
GX at the University of Michigan.  Transmitted IR spectra were collected using a visible source, 
a CaF2 beamsplitter, a liquid-N2 cooled MCT detector, a rectangle aperture (100 by 80-100 µm), 
512 scans, resolution of 4 cm-1, and a gain of 1 to 4.  To minimize the interference of
atmospheric H2O, samples were shielded in a compartment purged with a constant N2 flow, and 
a new background scan was collected just before the sample scan.  The total H2O contents were 
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estimated following the Beer-Lambert law: c = 18.02 × Abs/(d × ρ × ε), where Abs is the 
absorbance at ~3480 cm-1 (peak value) corrected for the baseline, d is the thickness of the sample, 
ε is the molar absorption coefficient and is 61 l/mol/cm for the basaltic glass2, ρ is the density of 
the glass assuming a constant value of 3000 kg/m3.  The ε values differ by <6% among different 
basalts3.  Detection limit of the FTIR spectrometer is ~10 ppmw H2O.  However, owing to the 
small size of the peak at ~3500 cm-1 and the uncertainty in sample thickness and in the baseline 
fitting, the estimated OH contents are much larger (20 to 30%).   
Back scattered electron (BSE) images and the composition of the glasses and minerals were 
acquired using a Cameca SX-100 electron microprobe (EMP) at the University of Tennessee.  
Analytical conditions include a voltage of 15 KeV, a current of 10 nA, and a 10 µm beam 
diameter.  Natural and synthetic minerals are used as standards.  Detection limits are typically 
<0.05 wt% for SiO2, Al2O3, MgO, CaO, Na2O and K2O; 0.06-0.1 wt% for FeO, TiO2, Cr2O3, 
MnO, P2O5 and S.  Major and minor element contents of glass and minerals are shown in 
Supplementary Table 1 and Supplementary Figure 1. 
Analyses for H abundances and D/H values were conducted in two sessions with a Cameca 
ims-7f GEO ion probe at Caltech.  For both sessions, the areas of interest were examined 
carefully using ion imaging to avoid C and H hotspots (cracks, vesicles).  Spots chosen for SIMS 
analyses are near EMP points.  Following a ~3 min sputtering, glassy regions were measured for 
20 cycles through the mass sequence of 12C-, 16O1H-, [18O-], 12C16N-, 30Si-, [31P-], 32S-, and 35Cl-, 
where the masses in brackets were only measured in the second session.  A mass resolving 
power (∆M/M) of 5500 was used to separate the 16O1H peak from 17O.  Terrestrial basaltic 
glasses with 150 and 260 ppmw H2O4 were used as standards for H abundances (Supplementary 
Figure 2).  Supplementary Figure 3 shows an example of the SIMS spectra for OH 
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measurements.  The instrument H backgrounds of the two sessions were monitored with a dry 
olivine standard (GRR1017, <<1 ppmw H2O5).  The background 16O1H-/30Si- values were 
subtracted from those of standards and samples.  Using the method in Mosenfelder et al.5, the 
detection limit of SIMS is estimated to be 7 and 5 ppmw H2O for two sessions, respectively.  The 
uncertainties (2σ in Supplementary Table 1) of the OH measurements were estimated based on 
the external errors of the standards (repeated measurements of the standards, the errors 
associated with them, both in their slopes and intercepts) and the internal errors.   
D/H measurements were conducted on the same spots where H abundances were obtained.  
The mass sequence of 1H-, 2H-, and 16O- was measured for 15-20 cycles each with 1 s, 15 s and 1 
s counting times.  One terrestrial rhyolitic glass containing 0.69 wt% H2O with δD = -69‰VSMOW 
(MC84-df6) was used to evaluate the instrument mass fractionation (IMF) of D/H.  Given the 
small OH contents, the matrix effect between basaltic and rhyolitic glasses7 is insignificant for 
the results presented in this study.  The analyses of the rhyolitic glass yielded an IMF of +30‰.  
All reported values were corrected for the IMF.  The 2σ uncertainties (Fig. 2 and 3, 
Supplementary Table 1) include both external errors (two analyses of the rhyolitic standard) and 
internal errors (counting statistics).  The analytical spots corresponding to Supplementary Table 
1 are shown on the BSE images of the agglutinates (Supplementary Figure 4). 
 
3. Calculation of spallation-generated deuterium 
 For this calculation, we assume hydrogen was derived from solar-wind and deuterium 
was generated by cosmic-ray and solar-flare spallation.  Using a spallation production rate of D 
at the surface (1.5 × 10-12 mole D2/g/Myr)8, and a solar-flare exposure age of 10084 (100 Ma9), 
we obtained 6 × 10-10 g of spallation-D per gram of the regolith, similar to that estimated by 
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Epstein and Taylor10.  The spallation-D (molar) was divided by measured H (molar) in each 
agglutinates and then compared to measured D/H values (Supplementary Figure 5).  Five 
agglutinates lie on the 1:1 line considering the uncertainties in the calculated D/H values 
(Supplementary Figure 5).  Three grains of Apollo 11 soil 10084 (10084agg2, 10084agg3, 
10084agg8ir) appear to contain D higher than that from spallation.  If D in these grains were all 
derived from spallation, their exposure ages would be 0.6 Ga (10084agg3), 1.3-1.5 Ga 
(10084agg8ir) and 14 Ga (10084agg2) assuming the same D production rate.  The spallation   
production rate is poorly constrained.  If we assume the rate is 10 times more than the estimated 
value, the exposure ages decrease to 60 Ma (10084agg3), 130-150 Ma (10084agg8ir), and 1.4 Ga 
(10084agg2).  The lower end of this range is possible, but the upper end is not. Thus, either 
production rates of D through spallation are strongly under estimated in prior studies, or grain 
10084agg2 contains D from some other source.   
 
4. Calculation hydrogen isotope composition of vapor from volcanic degassing 
At the oxygen fugacity of IW-2 to IW, the vapor contains H2 and H2O.  Let R=D/H and x = 
XH2,v.  Thus, for the hydrogen isotope composition of the vapor (v), we have: 
Rv = (1-x) * RH2Ov + x *RH2,v 
=(1-x) * RH2Ov + x / αH2Ov - H2v  RH2Ov 
= (1-x + x / αH2Ov - H2v ) RH2Ov. 
The mole fraction of H2 in the vapor is approximated by the fugacity ratio of H2/H2O (10:1 at log 
fO2 = IW-2 to 1:1 at log fO2 = IW)11. The fractionation factor αH2Ov – H2v is 1.0875 at 1300 °C
12.   
For the melt, dissolved H2 and molecular H2O are insignificant compared to OH11.  It is thus 
reasonable to assume there is no fractionation between H2 in the vapor and that in the melt, and 
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H2 in the melt and OH in the melt.  Therefore the exchange reactions between vapor and melt 
follow: 
H2O (v) + HDO (m) = HDO (v) + H2O (m) 
H2O (m) + 2 OH (m) = HDO (m) + OH (m) + OD (m) 
RH2Ov/ ROH, melt = α H2Ov - H2Om * α H2Om – OHm 
Using values for rhyolite6, α H2Ov - H2Om = 0.9857 and α H2Om – OHm = 1.049, we have α H2Ov - melt = 
1.034.  Thus,  
Rv = (1-x + x/αH2Ov - H2v) RH2Ov 
= (1-x + x/1.087)* ROH, melt*1.034 
For δDmelt = + 340 ‰ for glass beads corrected for spallation13, the δDv in equilibrium with the 
melt is ~+284 to +330 ‰ for IW-2 to IW, respectively.   
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Supplementary Figures and Table 
Supplementary Figure 1.  Compositions of agglutinitic glasses in this study.  Filled fields 
represent bulk compositions of lunar soils, and open fields show average compositions of 
agglutinitic glasses14-16.  Sample 10084agg2 plots together with other agglutinates. 
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Supplementary Figure 2.  Calibration lines for two analytical sessions.  The 16O1H/30Si 
values have been background corrected.  The 2σ uncertainties of 16O1H/30Si and H2O content are 
shown if larger than the symbols.  Linear regressions were conducted by weighting the 
16O1H/30Si and H2O content with their 2σ uncertainties.   
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Supplementary Figure 3.  SIMS spectrum for OH analysis. 
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Supplementary Figure 4.  Backscattered electron images of lunar agglutinates showing 
SIMS analytical spots. The SIMS spots for H abundances are labeled according to dates.  The 
spots for D/H ratios are labeled with DH_###.  Sample names containing ‘ir’ indicate that 
transmitted FTIR analyses had been conducted.  Examples of SIMS time-lapsed spectra are 
plotted for two analyses. 
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Supplementary Figure 5. Measured versus modeled D/H values.  The modeled D/H assumes 
all H was derived by solar-wind protons and D was from spallation.  The large uncertainties in 
δDmodel are due to the uncertainties in H contents. 
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Supplementary Table 1. Composition of agglutinates and their OH contents (in ppmw H2O).   
sample spot # 
H2O 
FTIR 
H2O 
SIMS 2σ 
δD 
(‰) 2σ P2O5 1σ SiO2 1σ TiO2 1σ Al2O3 1σ Cr2O3 1σ MgO 1σ CaO 1σ MnO 1σ FeO 1σ Na2O 1σ K2O 1σ S 1σ Total 
impact glasses  
                              10084impg1 
  
<d.l. 
 
nd 
 
0.29 0.02 42.4 0.2 7.14 0.12 12.8 0.2 0.38 0.02 9.55 0.11 10.9 0.1 0.20 0.02 15.0 0.3 0.44 0.03 0.15 0.03 0.12 0.09 99.5 
10084impg2 
  
<d.l. 
 
nd 
 
0.27 0.03 42.2 0.2 7.28 0.14 12.7 0.1 0.39 0.03 9.91 0.09 10.7 0.1 0.21 0.02 15.0 0.3 0.45 0.02 0.14 0.04 0.34 0.46 99.6 
70051b1 
  
<d.l. 
 
nd 
 
0.08 0.03 38.4 0.1 9.27 0.17 5.69 0.06 0.68 0.05 14.8 0.1 7.16 0.09 0.28 0.02 22.6 0.2 0.34 0.01 0.06 0.03 0.12 0.15 99.4 
64501gg 
  
<d.l. 
 
nd 
 
0.19 0.02 44.5 0.2 0.48 0.08 26.9 0.2 0.11 0.02 7.00 0.14 15.2 0.2 0.07 0.02 5.20 0.16 0.22 0.10 0.06 0.01 0.26 0.28 100.1 
agglutinates  
                              Apollo 11 soil 10084 
                              10084agg1ir 1215@2 
 
187 40 
  
0.23 
 
43.9 
 
2.58 
 
20.3 
 
0.18 
 
7.5 
 
13 
 
0.13 
 
11.5 
 
0.34 
 
0.05 
 
0.01 
 
99.6 
                                
10084agg2 0901@1 
 
470 18 45552 952 0.21 0.03 42.1 1.9 6.47 2.2 13.4 2.9 0.29 0.09 9.23 0.71 12.2 0.4 0.22 0 15.0 2.2 0.41 0.08 0.09 0.01 0.43 0.24 100.1 
10084agg2 
1216_ 
DH 
 
nd 
 
4206 134 
                         
10084agg2 0901@2 
 
27 14 54132 687 0.35 0.03 41.0 0.3 10.8 0.3 9.52 0.15 0.32 0.06 6.8 1.3 10.7 0.6 0.25 0.02 19.7 1.4 0.53 0.07 0.17 0.03 0.47 0.46 100.6 
10084agg2 
0901_ 
DH@1 
 
nd 
 
10162 322 0.18 
 
45.3 
 
1.91 
 
21.1 
 
0.13 
 
8.2 
 
13.9 
 
0.14 
 
8.66 
 
0.64 
   
0.64 
 
101 
10084agg2 
1216_ 
DH@1 
 
nd 
 
1372 142 
                         
                                10084agg3 0830@3 
 
121 20 
  
0.22 0.04 43.8 1.4 5.84 0.54 12.1 1.3 0.33 0.04 8.85 0.64 12.2 0.7 0.21 0.03 15.0 0.8 0.34 0.06 0.11 0.01 0.33 0.26 99.2 
10084agg3 0830@4 
 
600 18 
  
0.39 
 
41.2 
 
10.7 
 
9.65 
 
0.44 
 
8.60 
 
11.6 
 
0.23 
 
16.9 
 
0.43 
   
0.25 
 
100.4 
10084agg3 0901@2 
 
389 16 
  
0.21 0.06 42.1 0.8 6.70 0.18 14.2 0.4 0.30 0.03 8.20 0.21 12.1 0.5 0.21 0.03 14.8 0.8 0.35 0.06 0.07 0.01 0.68 0.85 99.9 
10084agg3 1216@1 
 
316 40 
                           10084agg3 1216@2 
 
225 40 -562 60 0.26 
 
42.2 
 
6.63 
 
15.2 
 
0.26 
 
8.09 
 
12.3 
 
0.19 
 
14.3 
 
0.43 
 
0.17 
 
0.13 
 
100 
                                10084agg4n 1215@1 
 
177 40 
  
0.22 0.01 40.7 0.7 7.67 0.2 15.4 1.3 0.31 0.04 7.46 0.59 12.2 0.2 0.19 0 15.1 0.3 0.41 0.03 0.10 0.02 0.10 0.00 99.9 
10084agg4n 1215@2 
 
282 40 -789 19 0.28 
 
39.8 
 
8.21 
 
12.7 
 
0.29 
 
8.23 
 
11.6 
 
0.18 
 
18.7 
 
0.38 
 
0.15 
 
0.17 
 
101 
10084agg4n 1215@3 
 
246 40 -843 44 0.23 
 
43.2 
 
6.64 
 
9.43 
 
0.36 
 
10.4 
 
12.3 
 
0.23 
 
16.4 
 
0.30 
 
0.09 
 
0.06 
 
99.6 
                                10084agg5ir 0830@2 
 
94 18 
  
0.23 
 
45.3 
 
6.18 
 
9.68 
 
0.54 
 
12.5 
 
12.9 
 
0.20 
 
13.1 
 
0.19 
   
0.00 
 
100.8 
10084agg5ir 0830@3 
 
61 16 
  
0.25 0.06 42.0 0.0 8.13 0.04 13.0 1.0 0.27 0.14 7.59 2.08 11.7 0.1 0.23 0.01 17.2 1.2 0.27 0.00 
  
0.19 0.27 100.8 
10084agg5ir 0830@3b 
 
293 26 
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10084agg5ir 0830@4 
 
72 14 
  
0.26 
 
41.7 
 
8.00 
 
14.7 
 
0.23 
 
7.50 
 
11.8 
 
0.21 
 
15.3 
 
0.51 
   
0.74 
 
101.0 
10084agg5ir 0831@1 
 
48 14 
  
0.25 0.02 42.9 0.8 7.55 0.71 14.6 2.0 0.28 0.09 7.63 0.32 13.1 0.9 0.17 0.1 13.2 3.7 0.57 0.24 
  
0.30 0.26 100.5 
                                10084agg6ir 1215@1 130 161 40 -731 60 0.25 0.07 41.5 0.8 8.09 0.7 12.8 0.3 0.31 0.01 7.95 0.08 11.6 0.2 0.20 0.00 16.8 1.9 0.42 0.03 0.12 0.04 0.13 0.10 100 
  
170 
                             10084agg7 1215@1 
 
83 40 
  
0.20 0.02 42.2 0.3 7.52 0.2 12.7 0.1 0.29 0.00 8.90 0.12 11.6 0.0 0.22 0.00 15.2 0.0 0.52 0.04 0.06 0.03 0.26 0.06 99.6 
10084agg7 1215@2 
 
131 40 
  
0.22 
 
41.3 
 
7.70 
 
13.4 
 
0.26 
 
8.59 
 
11.6 
 
0.19 
 
15.3 
 
0.56 
 
0.09 
 
0.20 
 
99.4 
                                10084agg8 1215@1 
 
188 40 191 99 0.20 
 
41.5 
 
9.11 
 
11.3 
 
0.27 
 
8.27 
 
11.6 
 
0.21 
 
16.8 
 
0.49 
 
0.08 
 
0.23 
 
99.9 
10084agg8 1215@2 
 
207 40 267 74 0.20 0.01 41.6 0.2 8.08 0.92 12.8 1.5 0.29 0.03 8.49 0.17 11.5 0.2 0.20 0.01 15.9 1.1 0.52 0.05 0.09 0.02 0.22 0.03 99.9 
                                10084agg9 1215@3 
 
47 40 
  
0.54 
 
54.1 
 
1.35 
 
16.3 
 
<d.l. 
 
1.27 
 
8.99 
 
0.17 
 
14.1 
 
1.44 
 
0.75 
 
0.07 
 
99.2 
10084agg9 1215@4 
 
219 40 
  
0.23 0.00 43.3 1.3 6.51 0.72 11.5 1.4 0.28 0.06 8.70 1.16 12.2 0.71 0.21 0.03 16.3 1.0 0.38 0.06 0.12 0.09 0.06 0.02 99.7 
                                10084agg10 1215@2 
 
49 40 
  
0.46 
 
53.1 
 
1.94 
 
16.7 
 
0.03 
 
1.82 
 
9.52 
 
0.15 
 
13.9 
 
1.41 
 
0.78 
 
0.12 
 
99.9 
10084agg10 1215@4 
 
175 40 
  
0.31 
 
43.8 
 
7.40 
 
10.8 
 
0.28 
 
8.68 
 
11.0 
 
0.21 
 
16.1 
 
0.29 
 
0.31 
 
0.25 
 
99.5 
Apollo 17 soil 70051 
                              70051agg2ir 0830@1 
 
87 14 
  
0.11 
 
49.8 
 
3.17 
 
3.44 
 
0.46 
 
15.0 
 
15.0 
 
0.18 
 
13.0 
 
0.16 
     
100.3 
70051agg2ir 0831@1 150 171 14 
  
0.14 0.03 38.9 0.8 6.84 0.32 14.0 0.6 0.41 0.06 10.1 0.4 10.8 0.3 0.19 0.02 17.8 0.5 0.22 0.03 0.06 0.00 0.46 0.44 99.9 
70051agg2ir 0831@2 
 
161 16 
  
0.12 0.01 38.5 0.2 7.02 0.15 13.3 0.6 0.41 0.01 10.4 0.3 10.7 0.3 0.20 0.01 18.3 0.3 0.20 0.04 
  
0.52 0.67 99.6 
70051agg2ir 0831@3 
 
154 16 
  
0.14 
 
44.0 
 
5.05 
 
10.5 
 
0.52 
 
11.9 
 
14.1 
 
0.17 
 
13.2 
 
0.16 
   
0.61 
 
100.4 
70051agg2ir 1215@1 120 200 40 -711 58 0.15 0.03 38.2 0.4 6.89 0.16 13.9 0.2 0.42 0.05 10.0 0.23 11.0 0.1 0.19 0.02 18.3 0.7 0.22 0.02 <d.l. 0.03 0.40 0.41 99.7 
                                70051agg3ir 1215@1 90 209 40 -844 40 0.19 
 
41.3 
 
7.30 
 
12.0 
 
0.36 
 
9.43 
 
13.5 
 
0.22 
 
15.3 
 
0.39 
 
<d.l. 
 
0.08 
 
100 
70051agg3ir 1215@2 70 203 40 -781 97 0.15 
 
40.6 
 
8.12 
 
12.4 
 
0.40 
 
9.94 
 
11.3 
 
0.22 
 
16.4 
 
0.38 
 
0.06 
 
<d.l. 
 
100.0 
Apollo 16 soil 64501 
                              64501agg3 0901@3 
 
203 16 
  
0.23 0.01 43.5 0.9 0.92 0.14 27.0 1.2 0.11 0.02 7.38 1.18 15.5 0.4 0.08 0.03 5.25 0.53 0.40 0.07 
  
0.23 0.12 100.3 
64501agg3 0901@4 
 
269 50 
  
0.23 0.00 44.2 0.4 0.30 0.26 35.4 0.2 
  
0.10 0.06 18.9 0.4 <d.l. 
 
0.23 0.01 0.60 0.22 
  
0.44 0.27 100.5 
64501agg3 1215@2 
 
79 40 -558 85 0.17 
 
44.2 
 
0.14 
 
27.7 
 
0.06 
 
6.55 
 
16.0 
 
0.07 
 
4.15 
 
0.47 
   
<d.l. 
 
99.5 
Mineral fragments in agglutinates3 
                            10084agg1ir 1215@1 pl <d.l. 
   
0.29 
 
43.4 
 
<d.l. 
 
36.2 
 
<d.l. 
 
0.05 
 
20.0 
 
<d.l. 
 
0.19 
 
0.36 
 
<d.l. 
 
<d.l. 
 
100 
10084agg3 0830@1 pl 43 14 
  
0.22 0.03 44.4 0.3 0.42 0.18 30.5 0.9 0.05 0.02 3.68 0.59 17.4 0.3 <d.l. 
 
3.17 0.48 0.47 0.03 
  
0.13 0.24 100.4 
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                         10084agg5ir 0830@1 px <d.l. 
   
0.19 0.07 47.9 0.6 4.19 0.46 4.50 0.68 0.78 0.03 14.8 0.0 16.5 0.3 0.24 0.02 10.9 0.2 0.12 0.01 
  
0.16 0.22 100.3 
10084agg8 1215@3 pl 15 40 952 208 0.22 0.01 43.8 0.0 0.07 0.01 35.7 0.1 
  
0.17 0.02 19.8 0.0 <d.l. 
 
0.37 0.10 0.35 0.02 <d.l. 
 
0.08 0.05 100.6 
10084agg9 1215@2 px <d.l. 
   
0.12 
 
51.7 
 
0.87 
 
1.04 
 
0.27 
 
18.7 
 
6.21 
 
0.37 
 
21.8 
 
<d.l. 
 
<d.l. 
 
<d.l. 
 
101.1 
10084agg10 1215@1 px <d.l. 
   
0.23 0.01 48.5 0.6 3.34 0.2 3.89 0.50 0.74 0.11 14.9 0.8 17.9 0.7 0.19 0.01 10.4 0.28 0.11 0.02 <d.l. 
 
<d.l. 
 
100.4 
64501agg3 0901@1 ol 46 14 
  
0.09 
 
38.8 
 
0.37 
 
1.80 
 
0.05 
 
36.1 
 
1.11 
 
0.20 
 
22.7 
 
<d.l. 
   
<d.l. 
 
101.2 
64501agg3 1215@1 px <d.l. 
   
0.16 
 
44.0 
 
0.44 
 
20.9 
 
0.12 
 
11.9 
 
11.8 
 
0.15 
 
13.0 
 
0.35 
   
0.24 
 
103.1 
1OH contents from FTIR were calculated using the OH band height at ~2350 cm-1 and a molar absorption coefficient of basaltic glass (Danyushevsky  et al.2). 
The 2σ uncertainties for SIMS measurements are based on repeated analyses of standards, fitting errors, and counting statistics.   Italic numbers indicate possible terrestrial contaminations in the H abundances by SIMS because their 
vicinities to H hot spots (contaminates).  The 1σ uncertainties for oxides are standard deviation of > 3 analyses near the same spots.  d. l.:  detection limit; nd, not determined. 
2 Errors of these D/H measurements are only from counting statistics. 
3 These D/H measurements on mineral fragments contain larger uncertainties than those from counting statistics owing to the low H contents in these minerals.  pl: plagioclase; px: pyroxene; ol: olivine.   
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